Diabetes mellitus is a chronic and complex metabolic disorder characterized by chronic hyperglycemia and is one of the most prevalent metabolic syndromes worldwide. About 35% of the population worldwide is increasingly becoming diabetic annually. The high mortality rate is a result of micro- and macro-vascular complications which causes irreversible end-organ damage.\[[@ref1]\] Under chronic hyperglycemic conditions, increased glucose flux occurs in tissues/organs, which are independent of insulin regulation. This enhanced glucose entry causes saturation of the glycolysis pathway and leads to the activation of alternate stress signaling pathways. The stimulation of these stress signaling pathways initiates the diabetic complications cascade via rise in oxidative stress and inflammation.\[[@ref2]\]

The polyol pathway is one such stress signaling pathway activated by increased glucose flux. Under nondiabetic conditions, about 5% of glucose enters this pathway. However, under diabetic conditions, 30% of glucose gains access into the polyol system, thus potentiating the toxic effects of this pathway.\[[@ref3]\] Aldose reductase (AR) is the rate-limiting enzyme of the polyol pathway and in normal physiology acts as an extrahepatic detoxifying enzyme against endogenous and xenobiotic aldehydes. The activity of this enzyme is found to be increased in diabetic patients.\[[@ref4]\] AR catalyzes the conversion of glucose (aldehyde) to sorbitol (alcohol) with concomitant consumption of NADPH. Sorbitol is further metabolized to fructose by sorbitol dehydrogenase enzyme with simultaneous conversion of NAD^+^ to NADH.\[[@ref5]\]

Hyperactive polyol pathway is believed to contribute to the etiology of diabetic complications by eliciting a wide array of harmful effects. Accumulation of sorbitol causes osmotic imbalance owing to its minimal permeability through membranes. The redox balance is altered due to decreased NADPH/NADP+ ratio, which subsequently affects nitric oxide synthase and depletion of glutathione stores and subsequent accumulation of lipid peroxidation end products, leading to oxidative stress.\[[@ref6]\] Fructose, formed as a byproduct in this reaction, acts as a glycating agent initiating the formation of advanced glycation end products, thus aggravating the complications.\[[@ref7]\]

Cataract is highly prevalent among diabetes mellitus patients and is a major cause of blindness worldwide.\[[@ref8]\] Duration of diabetes and quality of glycemic control are the major risk factors associated with diabetic cataract formation.\[[@ref7]\] Overactive AR is an important contributor in the development of diabetic cataracts. Thus, inhibition of AR acts as a vital strategy in controlling the development of diabetic cataract. Although AR inhibitors (ARIs) have proved to be beneficial in diabetic complications, many of them were withdrawn from the market owing to their toxic nature, for example, sorbinil developed hypersensitivity reactions and tolrestat was associated with liver toxicity and death.\[[@ref5]\] Therefore, it is essential to investigate more effective and nontoxic ARIs that could be used for the treatment of diabetic cataract or other diabetes-associated complications.

In recent times, research on therapeutic interventions in diabetes has been diverted toward natural sources. Several plant extracts as well as isolated phytoconstituents have effectively inhibited AR enzyme and subsequently prevented the development of diabetic complications, for example, trans-anethole\[[@ref9]\] and *Garcinia mangostana*.\[[@ref10]\] Thymol is a dietary monoterpene phenol essentially found in thymus species. It has displayed anti-inflammatory activity in isoproterenol-induced inflammation in myocardial infracted rats,\[[@ref10]\] collagenase-induced osteoarthritis,\[[@ref11]\] and allergic airway inflammation in ovalbumin-induced mouse asthma.\[[@ref12]\] Thymol also exhibited neuroprotective activities by attenuating β-amyloid or scopolamine-induced cognitive impairment in rats.\[[@ref13]\] It is reported to be a strong antioxidant and has shown hepatoprotective activity against carbon tetrachloride-induced mice liver injury\[[@ref14]\] and maintained the antioxidant status in the brain.\[[@ref15]\] Thymol demonstrated anti-convulsant, anti-epileptogenic, antibacterial, antifungal, antioxidant, free radical scavenging, and anti-lipid peroxidative activities.\[[@ref16][@ref17]\] The aqueous extract of seed of *Trachyspermum ammi* inhibited rat lens AR enzyme and the IC~50~ was found to be 0.65 mg/ml.\[[@ref18]\] Thymol being an active constituent of *T. ammi*,\[[@ref19]\] we decided to examine the inhibitory effect of thymol on AR enzyme, high-glucose-induced cataract in goat lens, and related oxidative stress.

Materials and Methods {#sec1-1}
=====================

Chemical {#sec2-1}
--------

Thymol was purchased from Sigma Chemicals, India. NADPH was procured from HiMedia laboratories, Mumbai. All the chemicals used were of analytical grade.

Collection of goat eyeballs {#sec2-2}
---------------------------

Fresh goat eyeballs were procured from slaughter house in Govandi, Mumbai, immediately after slaughter. They were transported to the laboratory within 2 h at 0--4°C conditions. The lenses were isolated through extracapsular extraction.

*In vitro* aldose reductase inhibitory activity {#sec2-3}
-----------------------------------------------

*In vitro* aldose reductase inhibitory activity was determined as per the method described by Dongare *et al*., 2012.\[[@ref9]\]

### Preparation of aldose reductase enzyme {#sec3-1}

The isolated lenses were washed in saline and weighed. They were homogenized in sodium phosphate buffer pH 6.2 containing 10 mM β-mercaptoethanol to obtain a 1:3 w/v homogenate. The resulting homogenate was then centrifuged at 10000 rpm at 4°C for 20 min, and the clear supernatant was separated. This supernatant was subjected to 40% ammonium sulfate precipitation. After centrifugation at 10000 rpm for 15 min, the supernatant was collected. ARI activity was determined in this supernatant. Protein estimation was carried out by Bradford method using bovine serum albumin as standard.

### Aldose reductase inhibitory activity {#sec3-2}

The ARI assay was carried out as per the method described by Somani and Sathaye, 2015.\[[@ref20]\] The reaction mixture comprised freshly prepared enzyme, different concentrations of thymol, 0.067 M buffer (pH 6.2), 0.125 mM NADPH, 400 mM lithium sulfate, and 40 mM xylose. The reaction was performed in a 96-well plate, and the final reaction volume was maintained as 200 µl. The formation of NADP was observed as decrease in absorbance at 340 nm recorded for 3 min. Quercetin was maintained as standard. The assay was performed in triplicates. The results were expressed as percentage inhibition and were calculated as follows:

\% Inhibition = (\[Absorbance of control/min -- absorbance of sample/min\]/absorbance of control/min) × 100

Docking studies of thymol on human reductase inhibitory enzyme {#sec2-4}
--------------------------------------------------------------

Docking studies were carried out using standard grid-based ligand docking with energetics molecular docking protocol\[[@ref21]\] implemented within maestro molecular modeling suite by Schrodinger, LLC, New York, USA, 2010, installed on AMD Athlon™ workstation (Glide, version 5.6). The protein structure used in the present study is a three-dimensional (3D) crystal structure of human AR in complex with NADP+ and the inhibitor IDD594 with a resolution of 0.81Å and was downloaded from protein data bank code2I16. All water molecules were deleted except for the active site. Structure of thymol was constructed using build option within Maestro using standard geometries and standard bond lengths. With the help of LigPrep facility, appropriate hydrogen was added, and low energy conformers were produced by energy minimization using molecular mechanics force fields (Schrödinger, LLC, New York, USA, 2008). The low energy conformation of thymol was selected and was docked into the grid generated from protein structures using a standard precision docking mode. The final evaluation was done by comparing interactions, glide score (docking score), and binding energy.

*In vitro* high--glucose-induced cataract in goat lens {#sec2-5}
------------------------------------------------------

*In vitro* high-glucose induced cataract in goat lens was performed as per the method described by Somani and Sathaye, 2015.\[[@ref20]\] The isolated goat lenses were incubated in artificial aqueous humor. Cataract was induced by adding high concentration of glucose (55 mM) in the artificial aqueous humor pH of 7.8 (NaCl 140 mM, KCl 5 mM, MgCl~2~ 2 mM, NaHCO~3~ 0.5 mM, NaH (PO~4~)~2~ 0.5 mM, CaCl~2~ 0.4 mM, and glucose 5.5 mM). Penicillin 32 mg % and streptomycin 250 mg% were added to the artificial aqueous humor to prevent bacterial contamination. The lenses were divided into the following groups:

Group I - Normal control with glucose 5.5 mM (normal concentration); *n* = 4Group II - Negative control with glucose 55 mM (high concentration); *n* = 4Group III - Thymol 20 µg/ml with glucose 55 mM; *n* = 4Group IV - Thymol 40 µg/ml with glucose 55 mM; *n* = 4Group V - Thymol 60 µg/ml with glucose 55 mM; *n* = 4Group VI - Quercetin 500 µg/ml with glucose 55 mM; *n* = 4.

The lenses were incubated at 37°C for 72 h. At the end of the incubation period, the lenses were visually evaluated for the development of opacification by placing them on a graph paper. The number of squares clearly visible through the lens was counted as a measure of lens opacity. Then, they were homogenized in Tris buffer (0.23 M; pH 7.8) containing 0.25 × 10^−3^ M ethylenediaminetetraacetic acid to obtain a 10% w/v homogenate. The homogenate was further centrifuged at 10000 g at 4°C and the supernatant was separated. The supernatant was used for the analysis of biochemical parameters such as reduced glutathione and lipid peroxidation. Total protein was determined by Bradford\'s method.

### Reduced glutathione {#sec3-3}

Reduced glutathione was estimated as per the method described by Patil *et al*.\[[@ref22]\] Reduced glutathione (GSH) content was measured with 5,5-Dithiobis (2-nitrobenzoic acid) (DTNB) reagent which binds to the thiol group (-SH) to form a chromophore detected at 412 nm. Each reaction mixture contained 200 µl of DTNB prepared in potassium phosphate buffer (0.1 M, pH 7.4) and 10 µl of lens homogenate. This mixture was incubated for 15 min at 37 °C and absorbance was recorded at 412 nm. The results were expressed in GSH/mg protein.

### Lipid peroxidation {#sec3-4}

Lipid peroxidation was determined as per the method described by Patil *et al*.\[[@ref22]\] Lipid peroxidation was determined spectrophotometrically by measuring the malondialdehyde (MDA) content at the end of reaction. The reaction mixture consisted of 0.2 ml lens homogenate, 0.2 ml of 8.1% sodium dodecyl sulfate, 1.5 ml of 20% acetic acid adjusted to pH 3.5 with sodium hydroxide, and 1.5 ml of 0.8% of thiobarbituric acid. The reaction mixture was made up to 4 ml with distilled water and heated at 95°C for 60 min in a water bath. After allowing to cool to room temperature, 1 ml of distilled water and 5.0 ml of n-butanol-pyridine mixture (15:1 v/v) were added and samples were shaken vigorously. The samples were centrifuged at 4000 rpm for 10 min and the absorbance of the organic layer was measured at 532 nm. The results were expressed as nmol of MDA/mg protein.

Statistical analysis {#sec2-6}
--------------------

The statistical analysis was conducted with the help of analysis of variance followed by Dunnett\'s test. \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001 were considered to be statistically significant when compared with negative control group. \#\#\#*P* \< 0.001 was considered to be statistically significant when compared to control group.

Results {#sec1-2}
=======

Aldose reductase inhibition {#sec2-7}
---------------------------

In the present study, thymol significantly inhibited goat lens AR enzyme in a linear manner in concentrations ranging from 0.25 to 2 µg/ml. The highest percent inhibition exhibited by thymol was 80% at 2 µg/ml and the IC~50~ was found to be 0.65 µg/ml. Quercetin, used as standard, inhibited 64.64% of AR enzyme at a concentration of 4.5 µg/ml. The percentage inhibition of AR by thymol and quercetin is shown in [Table 1](#T1){ref-type="table"}.

###### 

Percentage inhibition of aldose reductase enzyme by various concentrations of thymol and standard quercetin

![](JPBS-8-277-g001)

Docking studies and glide score {#sec2-8}
-------------------------------

Molecular docking was conducted to validate the binding pattern and selective inhibition of AR enzyme by thymol. It was observed that thymol and quercetin interacted with two sites in the AR enzyme, namely the active site and cofactor NADPH-binding site. At the active site, quercetin exhibited Π--Π stacking interactions with Trp 90 and Trp 112 aminoacid residues, thymol due to the presence of a single aromatic ring exhibited a single Π--Π interaction with Trp 112 \[[Figure 1](#F1){ref-type="fig"}\]. At the NADPH-binding site, quercetin showed Π--Π stacking interactions with Trp 21 and Try 210. It formed hydrogen bonding with Gln 184, Ser 211, and Asp 217. It was obvious that thymol with its one ring system mimicked the interactions of one of the ring systems of quercetin showing hydrogen bonding with Gln 184 and Π--Π stacking interactions with Trp21 and Hip 111 \[[Figure 2](#F2){ref-type="fig"}\]. The docking score and binding energy of thymol and quercetin are shown in [Table 2](#T2){ref-type="table"}.

![Overlapping interaction of thymol and quercetin on site 1 of aldose reductase enzyme (a); binding pattern of quercetin with different aminoacids at site 1 (b); binding pattern of thymol with aminoacids at site 1 (c)](JPBS-8-277-g002){#F1}

![Overlapping interaction of thymol and quercetin on site 2 of aldose reductase enzyme (a); binding pattern of quercetin with different aminoacids at site 2 (b); binding pattern of thymol with aminoacids at site 2 (c)](JPBS-8-277-g003){#F2}

###### 

Docking score and binding energy of thymol and quercetin

![](JPBS-8-277-g004)

High-glucose-induced cataract {#sec2-9}
-----------------------------

### Visual examination and number of squares {#sec3-5}

The negative control group developed dense opacities as compared to the normal control group which remained clear at the end of the incubation period. Initially, the opacification started at the periphery of the lens and later progressively increased toward the center. Thymol demonstrated a dose-dependent decrease in opacification with highest concentration, 60 µg/ml, showing clear lens. Quercetin (standard) also exhibited clear lens \[[Figure 3](#F3){ref-type="fig"}\].

![Representative illustrations of anti-cataract activity of thymol; lens incubated with 5.5 mM (a), high-glucose 55 mm (b), 20 μg/ml thymol (c), 40 μg/ml thymol (d), 60 μg/ml thymol, and (e) 500 μg/ml quercetin (f)](JPBS-8-277-g005){#F3}

The above results were also correlated with the number of squares counted wherein dose-dependent inhibition of opacification of lens was observed \[[Table 3](#T3){ref-type="table"}\].

###### 

Number of squares counted on high glucose-induced cataract in isolated goat lens

![](JPBS-8-277-g006)

### Reduced glutathione {#sec3-6}

The negative control group demonstrated a significant (*P* \< 0.001) decrease in reduced glutathione level as compared to normal control group. Treatment with thymol significantly (*P* \< 0.001) restored GSH levels in a dose-dependent manner, especially at 40 and 60 µg/ml as compared to negative control group. Quercetin was also able to significantly (*P* \< 0.001) increase the reduced GSH compared to negative control group \[[Figure 4](#F4){ref-type="fig"}\].

![Effect of thymol on reduced glutathione (a) and lipid peroxidation levels (b) on high-glucose-induced cataract in isolated goat lens. Data expressed as mean ± standard error of the mean, *n* = 4; ^\#\#\#^ denotes significant difference (*P* \< 0.001) with respect to the control group, \*\*\* denotes significant difference (*P* \< 0.001) with respect to the negative control group using one way ANNOVA followed by Dunnett\'s test](JPBS-8-277-g007){#F4}

### Lipid peroxidation {#sec3-7}

Lipid peroxidation levels were found to be significantly (*P* \< 0.001) high in negative control group as compared to normal control group. Lens treated with thymol showed significantly (*P* \< 0.001) reduced lipid peroxidation level at all dose levels compared with negative control group \[[Figure 4](#F4){ref-type="fig"}\].

Discussion {#sec1-3}
==========

It is a well-established fact that maintaining a strict glycemic control has a beneficial role in the prevention of diabetic complications. Conventional anti-diabetic drugs have failed to achieve consistent euglycemia in diabetic patients. As a result, they do not prevent the development or progression of diabetic complications. Thus, alternative strategies that are able to prevent the onset and/or delay progression of diabetic complications would offer several advantages, irrespective of the glycemic control. Inhibition of AR enzyme is one such mechanism.\[[@ref23]\]

Several plants and natural products have shown promising outcomes in inhibiting this enzyme. To determine whether thymol produced a dose-dependent inhibitory effect, it was evaluated at various graded concentrations. Thymol inhibited AR reductase in a dose-dependent manner with IC~50~ value of 0.65 µg/ml. It was found to be more potent than quercetin, a naturally occurring flavonoid, which has been demonstrated to be a potent AR reductase inhibitor *in vitro* with an IC~50~ of 4.5 µg/ml. Molecular docking is a commonly used tool to understand the binding nature of small molecules to a target protein with known 3D structure. The binding energies are generated and the position of the ligand in the enzyme binding site can be visualized.\[[@ref24]\] To substantiate the binding of thymol and quercetin with AR reductase enzyme, molecular docking studies were conducted. It was found that thymol and quercetin interacted with AR reductase enzyme in a similar manner at the active site as well as NADPH-binding site. The difference in the glide score and low binding energy could be attributed to the single ring structure of thymol as compared to the multiple ring structure of quercetin.

Quercetin has been used as a positive control in many AR reductase inhibitory and diabetic cataractogenesis studies. Molecular docking studies showed better interaction of quercetin with AR reductase than thymol. According to literature, quercetin has poor aqueous solubility (1 µg/ml water) and is unstable in physiological medium which results in poor bioavailability along with poor permeability.\[[@ref25]\] Contrary to this, the aqueous solubility of thymol is higher than quercetin (1 mg/ml in water).\[[@ref26]\] These differences in the physio-chemical properties of thymol and quercetin may have resulted in higher enzyme inhibitory activity of thymol in spite of higher binding energies of quercetin.

ARIs have been shown to attenuate or prevent the development of experimental diabetic cataracts in animals as well as functional anatomic abnormalities of diabetic retinopathy and nephropathy.\[[@ref9]\] The high--glucose-induced cataract study *in vitro* has been conducted on lens culture obtained from various sources such as goat, chicken, and rats. All these models enable us to study and evaluate the anti-cataract activity of test compounds. Goat lenses are easily available, economic, and convenient to use. The large size of these lenses as compared to other models facilitates easy and accurate visualization of opacification and cataract formation in lens, thus enabling screening of various doses of test compounds effectively and with ease.\[[@ref27]\] Hence, goat lenses were used in the present study to evaluate the potential of thymol in preventing high--glucose-induced cataract in isolated goat lens.

Visual examination of the lens as well as the number of squares observed revealed that though the negative control group showed opacification at the end of 72 h, no such effect was observed with thymol at all dose levels and significantly at 40 and 60 µg/ml. The results that were compared with quercetin at 1 mg/ml and thymol were found to be more potent than the standard.

Oxidative stress is cited as one of the major reasons in the development of cataracts due to the altered redox status and diminished pool of GSH. Oxidation of lens proteins by reactive oxygen species plays an important role in the process leading to lens opacification. Glutathione is a major endogenous antioxidant, present in unusually high concentration, in the lens that prevents protein oxidation. It plays a vital role in maintaining lens transparency.\[[@ref28]\] Under high-glucose condition, the triggering of the polyol pathway causes depletion of GSH levels which results in oxidation of the protein thiols to form disulphide cross-linking. This disulfide formation is accompanied by protein cross-linking and solubility loss, high molecular protein aggregation, and culminates in lens opacification.\[[@ref7][@ref27]\] Thymol was able to restore GSH to normal levels at both 40 and 60 µg/ml, which was better than quercetin which restored the GSH levels at 500 µg/ml.

Oxidative stress is manifested by the accumulation of lipid peroxidation products such as MDA.\[[@ref28][@ref29]\] Lipid peroxidation has been recognized as a key factor in the pathogenesis of cataract. Oxidation of unsaturated fatty acids in lens epithelial layer has been identified as an initial step in the development of cataract. Accumulation of lipid oxidation products as well as its migration to lens fiber cells causes alteration in fiber cell structure and increased opacity, ultimately leading to cataract formation.\[[@ref30]\] The negative control group demonstrated oxidative stress as indicated by enhanced lipid peroxidation levels. Thymol effectively reduced the lipid peroxidation as compared to negative control group, thus exhibiting its antioxidant activity. Thus, thymol was able to inhibit the progression of cataract through its anti-lipid peroxidative activity.

Conclusion {#sec1-4}
==========

Diabetic cataract occurs as a consequence of various insults to the lens, primarily hyperactive AR enzyme and oxidative stress. Thus, along with ARIs, antioxidants are also important to prevent cataract formation.\[[@ref7]\] According to our present study, thymol was able to curb the progression of high--glucose-induced cataract through its AR reductase inhibitory and antioxidant activities. Thus, these multiple properties of thymol support its utility for controlling diabetic complications.
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